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ment unit configured to calculate a set of color parameters
including an average color of the first face candidate
expressed according to a predefined color space; a transfor-
mation unit configured to: transform a second frame into the
predefined color space, one of the axes of the color space
being substantially oriented in the direction of maximum
variation according to a predetermined distribution of skin
color; and form a skin color probability map for the second
frame by calculating the probability thata given color is a skin
color from a measure of the color space distance of that color
from the calculated average color; and a search tile generator
configured to generate second search tiles based on the skin
color probability map for use by the face detector, the second
search tiles defining areas of the second frame within which
the face detector is to perform face detection so as to detect
one or more second face candidates in the second frame.
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SKIN COLOUR PROBABILITY MAP

BACKGROUND OF THE INVENTION

This invention relates to data processing systems and meth-
ods for performing face detection in a series of frames.

Whilst humans might take for granted the ability to readily
identify faces in a picture, it can be a difficult problem for
computers to solve. A significant effort has been made over
recent years to improve the accuracy and reliability of auto-
matic face detection. However, even the most powerful sys-
tems still fall far short of the performance of the human brain,
with the performance of portable devices having low power
processors often being unable to detect faces in images under
a wide range of lighting conditions and face orientations.

The drive to improve automatic face detection on digital
devices stems from the fact that being able to reliably detect
faces in images and videos is enormously useful. For
example, knowing the location of faces in an image allows
manual or automatic tagging of images with the names of the
people to whom the faces belong. And since the human brain
is particularly sensitive to faces, knowing the location of faces
in a video stream allows a video encoder to improve the
perceived quality of an encoded video stream by preferen-
tially encoding the areas of the video frames containing faces
at a higher quality. Furthermore, if face detection can be
performed in real-time, the location of faces in a scene can be
used by the autofocus systems of a camera to help ensure that
those areas of the image are in focus.

Many modern methods for performing automatic face
detection are based on the Viola-Jones object detection
framework which breaks down face detection in a digital
image into a series of processing steps, each of which is fast
to perform at a digital processor. The Viola-Jones framework
operates by applying binary classifiers to subwindows of an
image, each subwindow being at a different location, scale or
angle of rotation within the image so as to allow faces at
different locations, or of different sizes and angles of rotation
to be detected. Each binary classifier performed on a subwin-
dow of an image is made up of a cascaded set of strong
classifiers of increasing complexity that are operated on the
subwindow so as to detect whether the subwindow is likely to
bound a face in the image. Only if all of the strong classifiers
pass a subwindow is that subwindow passed as (potentially
subject to further processing) representing a match for the
binary classifier. If any of the strong classifiers reject the
subwindow then no further processing is performed on that
subwindow and processing moves onto the next subwindow.
Further details of face detection performed according to the
Viola-Jones framework can be found in the paper by P. Viola
and M. Jones: “Robust real-time face detection”, Interna-
tional Journal of Computer Vision, vol. 57, no. 2, pp. 137-154,
2004.

The classifier operations performed according to the Viola-
Jones object detection framework can be performed quickly
at a digital processor and even in portable devices allow a
basic level of real-time face detection to be performed. How-
ever, because the potential search space for an image is very
large itis difficult to reliably detect all of the faces of an image
in real-time using the Viola-Jones framework. The search
space of an image may include subwindows having every
possible combination of location, size and rotation in the
image. In order to permit real-time detection of faces, the
search space is typically narrowed significantly by ignoring
the possible rotations of subwindows in the image, or only
looking at a narrow range of rotated subwindows. This means
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2

that only those faces that are at least substantially upright in
the image are likely to be found.

There is therefore a need for improved apparatus for per-
forming face detection that allows accurate and reliable real-
time face detection at a portable device and permits the iden-
tification of faces that are not presented upright in the image.

SUMMARY OF THE INVENTION

According to a first aspect of the present invention there is
provided a data processing system for performing face detec-
tion on a stream of frames, the data processing system com-
prising:

a face detector configured to detect a first face candidate in

a first frame by performing face detection within first
search tiles defined for the first frame;
a colour measurement unit configured to calculate a set of
colour parameters including an average colour of the
first face candidate expressed according to a predefined
colour space;
a transformation unit configured to:
transform a second frame into the predefined colour
space, one of the axes of the colour space being sub-
stantially oriented in the direction of maximum varia-
tion according to a predetermined distribution of skin
colour; and

form a skin colour probability map for the second frame
by calculating the probability that a given colour is a
skin colour from a measure of the colour space dis-
tance of that colour from the calculated average
colour; and

a search tile generator configured to generate second
search tiles based on the skin colour probability map for
use by the face detector, the second search tiles defining
areas of the second frame within which the face detector
is to perform face detection so as to detect one or more
second face candidates in the second frame.

The second frame may be subsequent to the first frame in

the stream of frames.

The colour measurement unit may be further configured to
calculate as colour parameters degrees of variation of colours
in the first face candidate along the coordinate axes of the
predefined colour space, and the transformation unit is con-
figured to calculate the probability that a given colouris a skin
colour from the measure of the colour space distance of that
colour from the calculated average colour scaled by the cal-
culated degrees of variation of colours.

The colour measurement unit may be configured to calcu-
late the average colour and degrees of variation of colours of
the first face candidate from only a central portion of the first
face candidate.

Coordinate axes of the predefined colour space may be
determined by means of a principal component analysis of the
predetermined distribution of skin colour.

The set of colour parameters for the first face candidate
may represent an ellipsoid in the predefined colour space, the
ellipsoid being centred on the average colour and having axes
oriented parallel to the coordinate axes of the predefined
colour space with lengths defined by the respective degree of
variation in colours.

The face detector may be configured to detect faces in the
first frame by applying binary classifiers to subwindows of
the first search tiles, and to group together sets of overlapping
subwindows detected as faces in the first frame so as to form
a single face candidate for each set, each face candidate being
allocated a weight according to the number of overlapping
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subwindows in its set and the first face candidate being the
face candidate with the highest weight.

The transformation unit may be configured to maintain a
plurality of sets of colour parameters calculated for a plurality
of face candidates from one or more frames prior to the
second frame in the stream, each set of colour parameters
inheriting the weight allocated to the respective face candi-
date and the set of colour parameters used by the transforma-
tion unit being the set of colour parameters with the highest
weight.

The colour measurement unit may be operable to calculate
a new set of colour parameters for a new face candidate, the
transformation unit being configured to, if an ellipsoid for the
new set overlaps an ellipsoid represented by a currently stored
set of colour parameters by more than a predetermined
degree, update the existing set of colour parameters by replac-
ing the existing set of colour parameters with the new set of
colour parameters and forming a new weight by combining
the weights of the existing and new set of colour parameters.

The face detector and transformation unit may be sup-
ported at a GPU.

The colour measurement unit and search tile generator may
be supported at a CPU.

The first and second frame may both represent a single
image, the first and second frames optionally being identical.

According to a second aspect of the present invention there
is provided a method of performing face detection on a stream
of frames using a data processing system, the method com-
prising:

detecting a first face candidate in a first frame of the stream
by performing face detection within first search tiles
defined for the first frame;

calculating a set of colour parameters including an average
colour of the first face candidate expressed according to
a predefined colour space;

transforming a second frame of the stream into the pre-
defined colour space, one of the axes of the colour space
being substantially oriented in the direction of maxi-
mum variation according to a predetermined distribu-
tion of skin colour;

forming a skin colour probability map for the second frame
by calculating the probability that a given colouris a skin
colour from a measure of the colour space distance of
that colour from the calculated average colour;

generating second search tiles based on the skin colour
probability map; and

detecting one or more second face candidates in the second
frame by performing face detection within the second
search tiles.

According to a third aspect of the present invention there is
provided a machine readable storage medium having
encoded thereon non-transitory machine readable code for
generating the data processing system.

There is provided a data processing system for performing
face detection on a stream of frames, the data processing
system comprising:

a skin patch identifier configured to identify one or more
patches of skin colour in a first frame and characterise
each patch in the first frame using a respective patch
construct of a predefined shape;

a first search tile generator configured to generate one or
more first search tiles from the one or more patch con-
structs; and

a face detector configured to detect faces in the stream by
performing face detection in one or more frames of the
stream within the first search tiles.
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The face detector may be configured to perform face detec-
tion only within areas of a frame represented by search tiles,
the search tiles including the first search tiles.

The first search tile generator may be configured to gener-
ate the one or more first search tiles each having an orientation
determined from the orientation of the respective patch con-
struct.

The face detector may be configured to detect faces in the
stream by performing face detection in the first frame within
the first search tiles.

The face detector may be configured to perform face detec-
tion by applying binary classifiers to one or more subwindows
of the first search tiles.

The face detector may be configured to perform face detec-
tion only in those subwindows of the first search tiles that are
not rotated relative to the orientation of the respective search
tile.

The skin patch identifier may be configured to form each
patch construct so as to characterise the location, size and
orientation of the respective patch of skin colour identified in
the first frame.

The predefined shape may be an ellipse and the orientation
of'each of the one or more patch constructs is indicated by the
orientation of the ellipse.

The first search tile generator may be configured to gener-
ate for each patch construct a plurality of first search tiles
having a predefined set of sizes relative to the size of that
patch construct.

The data processing system may further comprise a trans-
formation unit configured to generate from the first frame
image data representing achromatic information in the frame
at a plurality of scales, the face detector being configured to
perform face detection from that image data.

The data processing system may further comprise a trans-
formation unit configured to generate from the first frame a
skin colour probability map indicating for each pixel in the
first frame a probability that the pixel represents a skin colour,
the skin patch identifier being configured to detect the one or
more patches of skin colour in the first frame from the skin
colour probability map.

The skin patch identifier may be configured to perform
thresholding of the skin colour probability map so as to oper-
ate on binary values indicating, for each pixel in the skin
colour probability map, a high or low probability that the
pixel represents a skin colour, the one or more patches of skin
colour in the first frame being identified from the skin colour
probability map by identifying patches of high probability
values in the thresholded skin colour probability map.

The skin patch identifier may be configured to perform
thresholding of the skin colour probability map using a
threshold value selected from one of:

a threshold value determined by reading a predetermined
number of values from the probability map, sorting them
into value order and calculating an average of those two
neighbouring values having the greatest difference; and

a random value selected from a predefined interval.

The transformation unit may be configured to convert the
first frame into a skin colour probability map by:

transforming the first frame into a predefined colour space,
one of the axes of the colour space being substantially
oriented in the direction of maximum variation accord-
ing to a predetermined distribution of skin colour; and

calculating the probability that a given colour is a skin
colour from a measure of the colour space distance of
that colour from an average skin colour.
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The average skin colour may be determined from a mea-
sure of the average colour of at least some of the pixels of a
face detected by the face detector in a previous frame of the
stream.

The face detector and transformation unit may be sup-
ported at a GPU, and the skin patch identifier and first search
tile generator may be supported at a CPU.

The data processing system may further comprise a second
search tile generator configured to generate second search
tiles for use as search tiles by the face detector in order to
detect faces in the first frame, the second search tile generator
being arranged to generate second search tiles having loca-
tions and/or sizes determined on a random or pseudo-random
basis.

The data processing system may further comprise a group-
ing unit configured to group together sets of overlapping
subwindows detected as faces in the first frame by the face
detector so as to form a single detected face for each set.

The data processing system may further comprise a third
search tile generator configured to generate third search tiles
for use as search tiles by the face detector in order to detect
faces in the first frame, the third search tile generator being
arranged to generate third search tiles from one or more faces
detected by the face detector in a frame prior to the first frame
in the stream.

The third search tile generator may be configured to gen-
erate a plurality of third search tiles for each detected face
formed by the grouping unit in a frame prior to the first frame,
the plurality of third search tiles overlapping the respective
face and having:

a predefined set of sizes relative to the size of the face;

and/or

apredefined set of orientations relative to the orientation of

the face.

The skin patch identifier may be configured to form patch
constructs for each of a plurality of patches of skin colour, but
the first search tile generator is configured to generate first
search tiles for only a predetermined number of the largest
patch constructs.

The stream of frames may represent a single image.

There is provided a method of performing face detection on
astream of frames using a data processing system, the method
comprising:

identifying one or more patches of skin colour in a first

frame of the stream;

characterising each of the one or more patches in the first

frame using a respective patch construct of a predefined
shape;

generating one or more first search tiles for the first frame

from the one or more patch constructs in the first frame;
and

performing face detection in one or more frames of the

stream within the first search tiles so as to detect faces in
the stream.

There is provided a machine readable storage medium
having encoded thereon non-transitory machine readable
code for generating the data processing system.

The present invention relates to face detection in image
data. The image data could be, for example, a series of
images, such as the frames of a video stream, or a single
image.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be described by way of
example with reference to the accompanying drawings, in
which:
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FIG. 1 is a schematic diagram illustrating the processing
performed by a face detection system configured in accor-
dance with the present invention.

FIG. 2 is an illustration of the calculation of an integral
image.

FIG. 3 is an illustration of an exemplary set of parameters
identifying a detected face in a frame.

FIG. 4is anillustration of an area of a detected face used to
calculate an average skin colour.

FIG. 5 is an illustration of a custom colour space for an
expected distribution of skin colours.

FIG. 61is anillustration showing a set of skin colour patches
identified in a threshold map.

FIG. 7 illustrates an exemplary relationship between
search tiles and subwindows.

FIG. 8 is a flowchart of a method for performing face
detection on a stream of frames in accordance with another
aspect of the present invention.

FIG. 9 is a flowchart of a method for performing face
detection on a stream of frames in accordance with a still
further aspect of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The following description is presented to enable any per-
son skilled in the art to make and use the invention, and is
provided in the context of a particular application. Various
modifications to the disclosed embodiments will be readily
apparent to those skilled in the art.

The general principles defined herein may be applied to
other embodiments and applications without departing from
the spirit and scope of the present invention. Thus, the present
invention is not intended to be limited to the embodiments
shown, but is to be accorded the widest scope consistent with
the principles and features disclosed herein.

FIG. 1 is a schematic diagram illustrating the processing
performed by a face detection system configured in accor-
dance with the present invention. Face detection system 100
receives a stream of source frames 103 in respect of which
face detection is to be performed. The face detection system
operates on each received source frame in turn to identify the
faces in each frame and provide at its output the coordinates
of'a set of detected faces 115. In accordance with the teaching
set out herein, the face detection system demonstrates
improved performance and efficiency over prior art systems
by making use of information acquired from previous frames
when performing face detection on a current frame. This
builds on the fact that at least some of the time, successive
frames in a stream are likely to be related to one another and
can therefore provide useful information as to the likely loca-
tion of faces and the particular characteristics of skin colour in
the current frame.

The source frames could be received from a camera or a
recorded source, such as a set of stored photos or a video
stream. The face detection system need not operate on con-
secutive frames in a stream and might be configured to oper-
ate only on every nth frame (say, every second or third frame).
This could depend on the characteristics of the face detection
system, for example how long it takes the system to perform
its face detection operations. On completing face detection in
a given frame, the face detection system could simply receive
and start processing the most recently received frame.

In preferred embodiments, the face detection system
receives the frames 103 from a camera sensor. For example,
as a user composes a shot, the camera sensor captures video
frames and provides them to the image processing pipeline of
the camera (i.e. the “camera pipeline”). These frames are used
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(possibly in processed form) by the camera pipeline to per-
form functions such as autofocus and white balance correc-
tion, and are provided to the user as video on a display screen
so as to allow the user to see what the camera sensor is
capturing. Face detection system 100 might be provided as
part of the camera pipeline.

The source frames 103 provided to the face detection sys-
tem 100 would typically be RGB images, but any other suit-
able colour encoding could be used (e.g. YCbCr).

Face detection system 100 comprises a detector unit 109
which is configured to determine whether a given region of a
frame is likely to contain a face. As is known in the art, this can
be efficiently achieved through the use of binary classifiers
such as those proposed by the Viola-Jones object detection
framework. Detector unit 109 could be configured to operate
directly on a received frame 103, but in order to reduce the
resource requirements of the detector unit, the binary classi-
fiers are preferably performed on a downscaled, image pyra-
mid 108, as shown in FIG. 1. The generation of such an image
pyramid will now be described.

Preprocessor 104 is configured to convert received frames
103 into single channel images 105. With binary classifier
face detection systems, it is generally the achromatic infor-
mation in an image that is important; colour information is
less important and can be discarded for the purposes of face
detection so as to reduce the image size and hence the pro-
cessing resources required. In the example of FIG. 1, the
single channel image 105 is the luma, or brightness, compo-
nent of the frame. Other representations of the frame could
also be used. For example, if converted into the SKN colour
space described below, the S channel (e.g. that channel whose
axis is substantially oriented in the direction of maximum
variation of an empirically-determined distribution of skin
colour) can be used as single channel image 105. Preproces-
sor 104 could additionally process frames 103 in other ways
s0 as to emphasize the features associated with faces in luma
images 105 and/or reduce the possible search space of the
received frames. For example, a resolution of 640x480 pixels
has been found to be sufficiently high to identify faces down
to a reasonable size in an image and therefore, depending on
the resolution of frame 103, it can be preferable to downscale
the received frame.

In order to avoid aliasing problems, it is further advanta-
geous if the preprocessor 104 is configured to form an image
pyramid 108 comprising multiple representations of luma
image 105 at different resolutions. Techniques for forming
image pyramids are well known in the art. For a 640x480
pixel image, an image pyramid having six levels has been
shown to provide good performance, with the resolution at
each level being a factor of two smaller than the level above
(e.g. the image pyramid would comprise luma images of sizes
VA, Vh, Va, Y8, Vis, Y32 with respect to the size of the luma image
105). Scaling factors other than two may be used, but a scaling
factor of two is convenient since it matches the scaling factors
commonly used in computer graphics, where an image pyra-
mid is also known as a mipmap. Lookups of pixel data from
the image pyramid may then be accelerated using a GPU’s
mipmap hardware, should the system be implemented using a
GPU.

Depending on the choice of binary classifier and the nature
of the calculations performed by the detector unit, it can be
preferable for the detector unit to operate on an integral image
200 of the image pyramid in which a given pixel value 201 at
coordinate (X, y) is the sum of the pixel values in the rectangle
defined by the corners (0,0) and (x-1, y-1) as illustrated in
FIG. 2. These integral images would be calculated in their
entirety by the detector unit prior to it performing any face
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detection calculations. However, because detector unit 109 is
preferably configured to detect faces that may be rotated
in-plane, it would be preferable that the integral images are
calculated on the fly so as to avoid the detector unit 109
having to perform a substantial amount of unnecessary pro-
cessing in generating images for each possible rotation.

Under the Viola-Jones framework, each binary classifier
comprises a cascaded set of strong classifiers of increasing
complexity. In order to determine whether a given subwin-
dow of an image contains a face, the strong classifiers are
applied in order such that if all of the strong classifiers in the
cascade find a match, the subwindow is classified as a face. In
the present case, the subwindows are subwindows of the
appropriate luma image pyramid 108. If at any stage of the
cascade a match is not found, the subwindow is classified as
not being a face and evaluation of the binary classifier is
aborted for that subwindow. The face detection system is
described herein with the Viola-Jones framework in mind, but
variants and other types of face detection algorithms are also
envisaged to benefit from the advantages of the invention.

In order to ensure that all of the faces in an image are found
by exhaustive search using the binary classifier approach, it
would be necessary to apply the binary classifiers to all of the
possible subwindows of an image. This is because a face in
the image could be at any location and of any size and the
possible subwindows must therefore include subwindows of
all possible sizes and at all possible locations in the image. If
faces that are not “upright” in the image are also going to be
detected, all possible rotations of all of the subwindows must
also be searched. This is a very large search space and imprac-
tical to be performed in real time in a camera pipeline, espe-
cially in the case of a portable device in which power con-
sumption is a key concern.

Examples described herein provide mechanisms for intel-
ligently providing to the detector unit 109 a list of search tiles
in which face detection is to be performed, a search tile
bounding areas of frames within which face detection is to be
performed. The detector unit preferably only searches for
faces in the search tiles identified to it and not in areas outside
search tiles.

FIG. 7 shows the relationship between search tiles and
subwindows in an example implementation. A frame 703
contains search tiles 710 and 720 which are determined using
methods discussed below. Within each search tile, the search
for a face may be exhaustive, that is, each possible subwin-
dow within the tile may be tested using the detector unit 109.
Search tile 710 contains subwindows such as 715 and 716,
and search tile 720 contains subwindows such as 725. For
clarity, not all subwindow positions are shown. The space 730
is outside the search tiles, and is not searched. To reduce the
search space within each search tile, the subwindows vary
only by position. The angle of rotation and size of the sub-
windows do not vary within a search tile. Instead, the search
tiles may be scaled and rotated. Subwindows rotate according
to the rotation of the search tile, and the size of the subwin-
dows remains in proportion to the search tile. In FIG. 7, search
tile 710 is aligned to the frame axes and is relatively small.
Search tile 720 is rotated, and is larger than search tile 710.
Accordingly, subwindows of search tile 710 will test for
small, upright faces, and subwindows of search tile 720 will
test for larger, rotated faces.

In one example, data provided to the detector unit 109 is
scaled, according to the size of the current search tile, by
reading from the appropriate level or levels of the image
pyramid. Similarly, the integral image from which the binary
classifier operates is computed according to the rotation of the
current search tile. The search tile is therefore normalized
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such that the detector unit 109 may search for faces using a
binary classifier trained to recognise upright faces of the size
of'the normalized subwindow. In one example the normalized
search tile is 40x40 pixels and the normalized subwindow is
24%24 pixels. In other examples the sizes of the normalized
search tile and subwindow at the detector unit may vary.

Thus, and as will be described further, defining search tiles
significantly reduces the search space, allows the resources of
the face detection system to be focussed on those areas of an
image which are most likely to contain a face, and further
allows faces of varying rotations to be detected in real time in
the image. Furthermore, in preferred embodiments, the face
detection system iterates over multiple frames, making use of
information determined in relation to previous frames on the
assumption that the frame has not changed significantly. This
assumption is generally a good assumption for video frames,
in particular for the video frames provided by a camera sensor
when the user of the camera is composing a shot.

In the case that a Viola-Jones type framework is used, the
detector unit 109 is configured to search a substantial number
and preferably all of the possible subwindows within a given
identified search tile (those subwindows not being rotated
relative to the orientation of the search tile, e.g. as shown in
FIG. 7).

In the face detection system 100, the search tiles in which
face detection is to be performed are provided to detector unit
109 from three sources: from tile generator 110, from a set of
search tiles generated from face candidates identified in a
previous frame 117, and from a skin detection unit 112. The
generation of search tile lists at these three sources will now
be described. Further search tiles and/or areas of the source
frame that are not to be searched could be provided to the
detector unit from additional sources, which could be external
to face detection system 100. For example, a camera pipeline
might determine that certain areas of the source frame are
unlikely to or do not contain faces and therefore should not be
searched; this information could be provided to the detector
unit so as to reduce the search space for the detector unit.

Note that in the example system shown in FIG. 1 the
detector unit performs face detection in search tiles defined
for luma image pyramid 108. However, since the luma image
pyramid represents source frame 103 the following para-
graphs interchangeably and equivalently refer to image pyra-
mid 108 and source frame 103.

Detector unit 109 provides at its output a list of face can-
didates 111. Each face candidate could be expressed as a set
of four coordinates: x and y coordinates describing the loca-
tion of the face (typically the top-left corner of a box bound-
ing the face candidate), a scale s that describes the size of the
face, and an angle a that describes an angle of rotation of the
face. An exemplary relationship between these parameters
and a face candidate 301 is illustrated in FIG. 3 for a frame
300. Scale s may be defined in any convenient way, for
example, it may represent the height, or the area of the
detected face. Since the detector unit 104 will often identify
the same face more than once in overlapping search tiles or in
several subwindows inside the same search tile, a grouping
unit 114 is provided to process the list of face candidates 111
and group overlapping face candidates so as to form a single
set of coordinates for each detected face. At any given time,
the list of detected faces at the output of grouping unit 114
represents the working set of detected faces for use by other
functionalities of the face detection system.

Grouping unit 114 can be configured to group face candi-
dates using any suitable algorithm. In one example it may be
sufficient to group all candidates which have any degree of
overlap with one another into a single detected face. In other
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examples, the algorithm may consider the number of over-
lapping candidates at different positions in an attempt to
distinguish between several faces in close proximity. Having
determined a group of candidates, the grouping unit can then
determine a set of coordinates for the detected face. One way
of doing this may be to form an average of the group’s (x, v,
s, o) coordinates (e.g. calculating the mean of each of the x, y,
s and a coordinates of the set of overlapping detections).

The first source of search tiles 116 is provided by tile
generator 110, which is configured to generate search tiles of
luma image pyramid 108 at least partly on a random or
pseudo-random basis (the term “random” shall be understood
to include “pseudo-random™). For example, the tile generator
110 might be configured to randomly select locations and
sizes of search tiles. There could be non-random aspects to the
selection performed by the tile generator 110. For example,
the tile generator 110 might be configured to randomly select
locations for each search tile in a predefined distribution of
search tile sizes, or the tile generator 110 might be configured
to randomly select locations and sizes of a certain number of
search tiles within each of a set of predefined zones of the
source frame. Most preferably, Halton sequences are used by
the tile generator 110 to generate the locations of search tiles
and ensure that the generated search tiles are evenly distrib-
uted, both over the search space of the frame, and in time, over
several input frames.

Faces could occur anywhere in a frame, with the x, y
locations of search tiles generated by the tile generator 110
preferably being selected from a uniform distribution. Since
faces generally occupy only a small proportion of a frame, the
scale s of search tiles generated by the tile generator is pref-
erably generated from a distribution favouring smaller scales.
This is because the density of the search required increases as
the scale decreases. It may be convenient to define the scale s
of'a search tile according to the size of one of the search tile’s
subwindows (e.g. the largest subwindow). In this way, the
same scale value s may be used to represent the size of the
search tile, and the sizes of the face candidates 111 produced
at the output of detector unit 109. The tile generator could be
configured to generate search tiles having locations and sizes
selected in accordance with the above teaching until a pre-
defined number of search tiles M are generated.

Tile generator 110 is an independent source of search tiles
in the sense that its output does not depend on where face
candidates have been found in previous source frames. This
ensures that the face detection system continues to receive
fresh search tiles in which to perform face detection even as
face candidates are found and improved upon from previous
frames. As a result, over a sequence of received frames, the
face detection system performs a thorough search for face
candidates in the image space of the source frame. Because of
the manner in which search tiles from the other sources are
generated, the search tiles generated by the tile generator 110
preferably all have the same orientation (i.e. search tiles hav-
ing different rotations are not provided to the detector unit
109 by the tile generator 110).

Since the output of tile generator 110 does not depend on
the content of the source frames 103, the tile generator 110
could generate search tiles for the detector at any point in
time. For example, the tile generator 110 could generate and
store parameters defining search tiles for future frames when-
ever there is capacity at the processor at which it is supported.

The second source of search tiles 117 is provided by group-
ing unit 114 and enables tracking of previously detected faces
between frames. For every detected face in the previous frame
identified by the grouping unit 114, a set of tracking search
tiles 117 is generated in which the detector unit 109 is to
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perform face detection. The set of tracking search tiles allows
tracking of one or more of translation, rotation and scaling of
previously detected faces. Good performance has been
observed with the following set of empirically determined
tracking search tile parameters:

[Xs Y, S, (X.]

[x,y,s, 0-0.15]

[x,V,s, 0+0.15]

[x,y,09s, a]

[%,y,0.9s, a-0.15]

[x,y,0.9s, a+0.15]

[x,y,1.1s, 0]

[x,y,1.1s, a-0.15]

[x,y, 1.1s, a+0.15]

It can be advantageous to modify the tracking search
parameters in dependence on external inputs to the face detec-
tion system. For example, gyroscopic and/or accelerometer
data from devices collocated with the face detection system at
a camera can be used to infer the motion of the camera and
hence track the resulting movement of detected faces between
source frames.

The use of tracking search tiles ensures that areas of a
frame in which a face has previously been detected are explic-
itly searched and increases the likelihood that previously
detected faces will continue to be detected in the source
frames even ifthey are translated or rotated to some degree, or
their scale changes. The above list does not explicitly account
for possible translational movements of a face because, as is
described above, the detector unit 109 is configured to search
at least a substantial number of the possible subwindows
within a search tile. Multiple adjacent locations are therefore
naturally searched by the detector unit 109 within a given
search tile. In variants of the face detection examples
described herein in which the detector unit 109 does not
search all adjacent subwindows within a tile, the tracking
search tiles could include search tiles that represent predeter-
mined translations of a previously detected face.

The grouping unit is preferably configured to form the set
of second search tiles for the next frame as soon as detector
unit 109 has completed its search within the current frame.
Alternatively the grouping unit could be configured to begin
to form the sets of second search tiles as and when the coor-
dinates of detected faces are received from the detector unit.

The third source of search tiles 118 are provided to the
detector unit 109 by skin detection unit 112 which identifies
areas of the source frame 103 that, based on their colour, are
likely to represent areas of skin and hence might represent
good candidates in which to search for faces. The identifica-
tion of areas of skin in preferred embodiments will now be
described. In less preferred embodiments, areas of skin could
be identified by other mechanisms, such as directly from the
source frame or another intermediate image using a range of
RGB values defined as being “skin colour”.

An exemplary method for performing face detection on a
stream of frames that includes frames 901 and 904 is outlined
in the flowchart of FIG. 9, which will be referred to in the
following paragraphs. In this example, frame 901 occurs
before 904 in the stream and is used in the manner described
below to provide colour parameters in order to improve face
detection in frame 904. A different aspect of the general
exemplary method for performing face detection that is
described herein is set out in FIG. 8. The overlap between
these outline methods will become apparent in the following
paragraphs.

In orderto detect areas of skin colour in the frame, a custom
SKN colour space is defined in which skin colour can be
advantageously described. Principal component analysis of
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the faces of a large number of people of various races has
shown that the distributions of skin colour in colour space is
similar for different skin colours. A common set of principal
component axes can therefore be defined for all skin colours
and used as the coordinate system of a new custom colour
space. This can be achieved by forming a set of principal
component axes for a large set of measurements of skin
colour and using those principal component axes as the SKN
axes. The measurements would preferably be from people of
a variety of races. A coordinate transformation can then be
defined to convert (say) RGB colours into the SKN coordi-
nate system. Similar transformations can be performed for
source frames having colour encodings other than RGB.

Preprocessor 104 is configured to convert frame 103 into
the SKN colour space image 107 (905 in FIG. 9), preferably
following downscaling of the frame to an appropriate size that
balances the available processing power against the desire to
identify faces even of small size in the frame. A suitable
resolution for the SKN image has been found to be 160x120
pixels.

The SKN image is used by colour measurement unit 113 to
determine a “colour ellipsoid” for one or more faces detected
in previous frames (e.g. in frame 901, with the face detection
being performed at 902 in FIG. 9), the colour ellipsoid
describing the distribution of skin colour of that face with
reference to the SKN colour space. Such a colour ellipsoid
501 is illustrated in FIG. 5 and roughly bounds a typical
distribution of skin colour points 502 in colour space 500. The
colour ellipsoid is shown relative to a set of RGB coordinate
axes 503 and SKN coordinate axes 504.

In order to calculate a colour ellipsoid, the colour measure-
ment unit 113 measures the mean and the standard deviation
of'the S, K and N values of the pixels within a predefined area
of'the detected face rectangle expressing the location and size
of the face (see FIG. 3; detected faces could alternatively be
represented by means of other shapes). These six parameters
define the colour ellipsoid, with the average S, K, N param-
eters defining the centre of the colour distribution of the
detected face in colour space and the standard deviation in
those parameters defining the size of the colour ellipsoid (i.e.
the length of its axes) along the three coordinate axes of the
SKN colour space. Other techniques for estimating the centre
and spread of the distribution of skin colour of a detected face
could equally be used. Shapes other than an ellipsoid could be
used to describe the distribution of skin colour of a face (e.g.
a cuboid) and yet utilise the same six parameters.

As shown in FIG. 4, the predefined area of a detected face
rectangle 400 is an area 401 centred within the detected face
and having an area substantially less than that of the detected
face rectangle so as to effectively sample the colour of the
pixels in the central region of the face. Preferably the pre-
defined area is 50% or less than the area of the detected face
rectangle, and most preferably 25% or less.

The colour measurement unit 113 is configured to form a
colour ellipsoid for one or more of the detected faces identi-
fied by grouping unit 114 in the output of detector unit 109.
This can be done as soon as the detector unit has completed a
frame and the detected faces are available at the grouping
unit. Preferably a colour ellipsoid is formed by the colour
measurement unit for those one or more detected faces that
are most likely to actually be faces. The likelihood that a
detected face corresponds to an actual face in the image can
be assessed in many ways. Most preferably a weight is
assigned to each of the detected faces identified at the group-
ing unit, each weight being a measure of the number of
overlapping detections that were aggregated to form that face
detection. For example, a detected face formed from five face
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candidates in list 111 would have a higher weighting than a
detected face formed from just two face candidates. The
weight assigned to a detected face is inherited by the corre-
sponding colour ellipsoid. Other metrics could also contrib-
ute to the weight, such as the size of the detected face, its
orientation, and/or its position in the frame.

Since the most likely face candidates may change over the
course of a few frames, it is advantageous if the face detection
system keeps track of more than one colour ellipsoid. Main-
taining four colour ellipsoids has been found to provide good
performance without requiring an excessive amount of
resources. The parameters of the colour ellipsoids are prefer-
ably maintained at the preprocessor 104 along with their
respective weights inherited from the corresponding detected
face. As is discussed below, the preprocessor selects the
appropriate colour ellipsoid based on the weight parameters,
preferably by performing a selection from all of the colour
ellipsoids biased toward higher weights). This ellipsoid rep-
resents the colour parameters calculated at 903 from a previ-
ous frame 901 in FIG. 9.

Often the colour ellipsoids generated from a stream of
source frames will be very similar (this would typically be a
consequence of the same faces being present in the video
frames under the same lighting conditions). As a result, as
new colour ellipsoids are calculated, the face detection sys-
tem may find that new and existing colour ellipsoids substan-
tially overlap. If a new ellipsoid overlaps the centre of an
existing ellipsoid then preferably the weight of the new ellip-
soid is increased by the weight of the existing ellipsoid and
the parameters of the new ellipsoid overwrite the parameters
of'the existing ellipsoid. This helps the face detection system
react to, for example, changing lighting conditions over a
series of frames. If a new ellipsoid does not overlap any
existing colour ellipsoids but its weight is higher than an
existing ellipsoid and the maximum number of colour ellip-
soids are already being maintained at the preprocessor, then
the new ellipsoid replaces the existing ellipsoid having the
lowest weight. This helps the system adapt to faces moving
into and out of the frames, as well as to changing lighting
conditions.

To make sure that the weights of the colour ellipsoids do
not increase without limit, the weights maintained for each
colour ellipsoid are decayed by multiplying the weight by a
number less than one, e.g. 0.99, each time the colour mea-
surement unit is invoked (e.g. once per frame). In this manner,
the colour ellipsoid with the greatest weight will represent the
colour distribution that has the highest confidence of being
skin colour. Higher weights will generally indicate that the
colour ellipsoid has been detected recently but relates to a
detected face that has been present in the source frames for a
relatively long period of time.

The use of skin colour ellipsoids defined with respect to a
fixed set of SKN coordinate axes but which are adapted to the
skin colour observed in a received frame through scaling and
shift of the colour ellipsoid provides great flexibility to chang-
ing lighting conditions and skin colours without incurring the
processing overhead associated with coordinate transforma-
tions. Furthermore, the colour space conversion (e.g. RGB to
SKN coordinate transformation) and the calculation of colour
ellipsoid parameters (i.e. the scale and shift operations) can
be decoupled and performed where they can be done most
efficiently. For example, it is preferable that the colour space
conversion is performed at a GPU, since a GPU is typically
highly optimised for performing coordinate transformations.
The calculation of colour space parameters can be performed
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at a general purpose processor such as a CPU which is less
optimised for performing coordinate transformations than the
GPU.

In order to identify areas of skin colour in received frames
it is necessary to define a mechanism by which a determina-
tion is made as to whether each pixel in a received frame (or
its downscaled representation) is skin coloured. In preferred
embodiments this is achieved by arranging that the prepro-
cessor 104 calculate a skin probability map 106 using the
SKN colour space and the highest weighted colour ellipsoid
(alternatively an average—or better a weighted average—of
one or more colour ellipsoids could be used). This is 906 in
FIG. 9, which makes use of the colour parameters determined
at 903. If no colour ellipsoid has yet been established because
no face detections have yet been made, then the parameters of
a default colour ellipsoid are used. In less preferred embodi-
ments, areas of skin colour in received frames could be iden-
tified directly from an SKN image or from the original (pos-
sibly downscaled) frame itself.

Assuming that skin colour has a multivariate Gaussian
distribution, then due to the advantageous choice of colour
space the preprocessor 104 can form a map providing an
indication of the probability p that each pixel in SKN image
107 is skin coloured by calculating the elliptic distance of the
colour of each pixel, P, in the SKN colour space from the
centre of the generated colour ellipsoid:

e (5 )
pP= + +
Es Ej Ey

where C represents the centre of the colour ellipsoid and E_,
E, and E,, are the lengths of the semi-major axes of the colour
ellipsoid. Under the definition of probability p above, high
probabilities of a pixel being skin colour are values close to O
whilst low probabilities of a pixel being skin colour are those
close to 1 (values of p above 1 being clipped to 1).

The skin probability map 106 is calculated from the SKN
pixel values of SKN image 107 but the skin probability map
need not be generated using the SKN image itself. For
example, the preprocessor 104 could be configured to con-
currently form the SKN image and probability map. The
probability map would typically, but not necessarily, have the
same resolution as the SKN image.

Skin detection unit 112 is configured to identify areas of
skin colour from the probability map by looking for areas of
high probability (i.e. low values of p). This is preferably
achieved by thresholding the skin probability map so as to
form a binary identification of skin colour in areceived frame.
Various methods could be used to achieve a suitable threshold
map. Two exemplary methods will now be described.

According to a first method, a threshold probability is
selected for the probability map by reading a relatively small
number of values from random locations in the map, sorting
them, and finding the two adjacent values in the list with the
greatest difference between them. In one example, the num-
ber of values read is 20. The average of these values is used as
the threshold for the probability map. This first method is
useful in cases when the area of skin in the image is relatively
large and functions well even when the probability map is of
poor quality (this might occur in the case of flawed measure-
ments of skin colour from a previous frame). According to a
second method, a threshold probability is selected at random
from a predefined interval, for example between 0 and 0.5.
This second method is useful when the probability map is
good quality and works even if the area of skin in the image is
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small. The use of randomness in selecting a threshold is
advantageous in giving the system an opportunity to find, by
chance, a threshold which is otherwise difficult to determine.
It is particularly advantageous if, for a given thresholding
operation, one of the two above methods is selected at random
and used to generate the threshold. By making use of both
methods as the face detection system iterates over frames 103,
the system benefits from the particular advantages of both
methods.

An exemplary method for performing face detection on a
source frame 801 is outlined in the flowchart of FIG. 8 and
referred to in the following paragraphs.

The skin detection unit 112 is configured to identify poten-
tial face candidates in received frames by looking for at least
substantially contiguous patches of high probability (i.e.
above the determined probability threshold) in the binary
threshold map. This is 802 in FIG. 8. Any suitable algorithm
could be used to identify such patches in the threshold prob-
ability map data. A variety of suitable algorithms are known
in the field of computer vision as “connected-component
labelling”, or “blob extracton”. A typical two pass approach
makes a first pass through the data assigning labels to data
patches according to the connectivity that can be established
during that pass. A second pass then merges patches where
two or more labels are found to be equivalent. Other
approaches, including a single pass approach, are also pos-
sible. A given patch might include one or more voids whilst
still being a substantially contiguous patch of high probability
(for example, where the eyes or moustache of a person might
be located).

Having identified a patch indicative of skin colour, param-
eters indicative of the location and size of the patch are
generated. In preferred embodiments, a bounding box is
defined around a patch so as to identify the location and extent
of the patch. Since such a bounding box acts as to group
together those elements (e.g. pixels) of the threshold map that
relate to a given patch, the bounding box could simply be axis
aligned in the source frame—i.e. having sides orthogonal to
the edges of the source frame.

The construction of bounding boxes around patches in the
threshold map is illustrated in FIG. 6. There are several
patches 601-605 of probability values above the calculated
threshold in threshold map 600. In this example, only patches
601 and 602 actually relate to faces in the source frame, patch
603 is a hand and therefore is skin, whereas patches 604-606
are patches of colour within the skin colour range but which
do not actually represent skin (false positives). The skin
detection unit forms bounding boxes 607-609 around the
three largest patches 601-603. In this example, patch 603
which is not actually a face therefore results in search tiles
being generated, but it is unlikely that the detector unit will
actually find faces in these search tiles.

A predefined shape—in the present example, an ellipse—is
constructed for each of patches 601-603 by considering the
threshold probability values inside each of the respective
bounding boxes 607-609. This is 803 in FIG. 8. This pre-
defined shape as fitted to a patch may be referred to as a “patch
construct” herein. An ellipse can be fitted to a given patch by
known image processing techniques, for example, calcula-
tion of various image moments of the binary threshold prob-
ability values inside the bounding box of the patch. The centre
of each ellipse may be determined from the centroid of the
patch, and the axes of the ellipse, giving its size and orienta-
tion, may also be determined from image moments of the
patch.

Use of an ellipse is advantageous because it’s shape is
typically well-matched to the shape of a face and can there-
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fore be used to provide reliably identify the orientation of a
front-on face in an image. The orientation of each ellipse is
essentially determined from the shape of the respective
threshold patch. This is on the assumption that the major axis
of an ellipse characterising a patch is likely to be approxi-
mately parallel to the line of symmetry of any face repre-
sented by that patch. In other words, faces are typically taller
than they are wide and it is therefore a reasonable guess that
the longest dimension of a threshold patch is roughly parallel
to the line of symmetry of any face it represents. In the
example shown in FIG. 6, the face represented by patch 601 is
in fact tilted at a significant angle, which has been well esti-
mated by angle o, .

Skin detection unit 112 identifies N (e.g. 5) patches from
the threshold map that are to be used to generate search tiles
for the detector unit 109. For example, the skin detection unit
could sort the set of patches identified in a threshold map and
select the N largest patches on the basis of their respective
bounding box or ellipse parameters. In order to increase the
likelihood of the detector unit finding any face present at the
location indicated by a bounding box or ellipse, it is advan-
tageous to arrange that the skin detection unit generate from
each ellipse a set of search tiles having a range of scales and
orientations. This is 804 in FIGS. 8 and 907 in FIG. 9. For
example, for each of the N bounding boxes generated by the
skin detection unit, the skin detection unit might generate the
following six search tiles:

[x,y,0.75s, a]

[%,y,0.6s, ct]

[%,y,0.5s, c]

[%,y,0.75s, o+m]

[%,y, 0.6s, c.+m]

[%,y,0.5s, a+m]

Parameters x, y, s, and o are determined from the position
and orientation of the ellipse so as to define a set of search tiles
that are each centred on the area of image corresponding to
the respective patch of skin colour and are each of a size
commensurate with the size of that respective patch. The
parameters could be chosen so as to effectively define a
bounding box for the ellipse which shares the orientation of
the ellipse. A number of'tiles may be generated with different
scale parameters, in order to accommodate some inaccuracy
in the size of the face predicted by the patch of skin colour. In
one example, the scaling factor s is determined from the
length of the major axis of the ellipse, which approximates the
height of the face. In another example, which may provide
greater robustness against the effect of lighting conditions on
the shape of the patch, the scaling factor s is determined
according to the area of the ellipse. The additional scaling
factors, e.g. 0.75s, shown in the example above were deter-
mined empirically to match the size of the appropriate detec-
tor subwindows to the size of the skin colour patch.

Search tiles rotated by 180 degrees are provided to the
detector unit because the orientation of patches identified by
the skin detection unit have a 180 degree ambiguity.

The maximum number of patches N identified by the skin
detection unit could be predefined but may also vary accord-
ing to the available computation resources during operation
of'the face detection system. Where the number of patches is
larger than N, the skin detection unit would preferably select
the largest N patches. Alternatively, the skin detection unit
could be configured to select from all available patches, with
the probability of each patch being selected being determined
according to the relative sizes of patches.

At 805 in FIGS. 8 and 908 in FIG. 9, the detector unit
performs face detection within the search tiles generated from
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the ellipses constructed for each patch so as to detect face
candidates 806/909 in the stream of source frames.

Generating search tiles in this manner has several advan-
tages. It intelligently directs the detector unit to search in
areas of a frame that are most likely to include faces because
they have a high probability of corresponding to patches of
skin colour. This avoids having the detector unit perform
exhaustive searches of the whole image space whilst afford-
ing the detector unit the resources to perform detailed
searches within the search tiles identified to it. The skin detec-
tion unit also provides a source of search tiles of varying
rotations as determined from the shape of patches in the
threshold map. This significantly increases the efficiency and
likelihood of the detector unit finding faces that are not
upright in the source frame.

The detector unit 109 is therefore provided with search tiles
generated on three different bases: randomly generated tiles
116 that inject fresh candidates into the detection pipeline and
ensure that the image space is covered by searches in an
unbiased fashion; tracking search tiles 117 that allow the
detector unit to follow detected faces between frames if those
faces rotate or change in size; and search tiles 118 from the
skin detection unit 112 that identifies search tiles on the basis
of skin colour in the received frame. The net effect of receiv-
ing tiles from these three different sources is to substantially
improve the efficiency of face detection and allow low-power,
realtime detection of faces in a stream of image frames,
including faces that are not “upright” in the images.

Search tiles from the skin detection unit 112 are generated
using a skin colour probability map generated from the cur-
rent frame in which face detection is to be performed, with the
colour ellipsoid used to generate the skin colour probability
map being provided from previous frame(s). Less preferably,
the skin detection unit 112 could generate search tiles from
the current frame for use in the next frame.

Face detection systems configured in accordance with the
present invention have several advantageous characteristics.
Firstly, because the processing time of the detector unit is
efficiently directed to those parts of the image that are most
likely to yield faces, face detection can be performed in real
time between frames. As a result, information as to the likely
location of a face in a previous frame and colour information
helpful in detecting new faces can be used to improve the
accuracy of face detection in the next frame. Over the course
of a few similar frames (e.g. frames acquired while a user
composes a shot on a digital camera), the face detection
system accurately locks onto and finds faces in the scene
including faces that are rotated in the plane of the image.

Secondly, the system is flexible because at any point the
current best estimates of faces by the detection system are
available at its output (i.e. the set of face detections found in
the previous frame).

Thirdly, the system is readily scaled in response to
demands on any processing resources that the face detection
system shares with other systems (e.g. other processing sys-
tems in the camera pipeline). In particular, the intensity of
face detection processing can be adapted to the amount of
available processing resources whilst maintaining realtime
performance. For example, if the available processor cycles
drop at a processor supporting the detector unit (e.g. in the
case of a GPU it is required to perform other image process-
ing), the number of search tiles provided to the detector unit
can be reduced. Or if the available processor cycles drop at a
processor supporting the skin detection unit, the number of
search tiles generated by the skin detection unit can be scaled
back (and potentially balanced by an increase in the number
of search tiles generated by tile generator 110). Because the
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system builds on information gathered in previous frames, the
system can make up for a lower amount of processing per-
formed in respect of one frame over subsequent frames.

The face detection system uses information gathered from
previous frames when processing a current frame. However,
the system continues to work well even when the source
image changes dramatically between frames (for example, if
the user pans the camera away from a group of people to a
blank wall). This is because the detector unit is configured to
search the locations in a frame at which faces were found in
the previous frame so as to confirm whether faces are still to
be found at those locations: if there are now no faces ina given
location in a frame, the detector unit is unlikely to find a match
and those face candidates will no longer be provided at its
output. The system therefore rapidly responds to significant
changes in the position of faces in a stream of source frames.
In the event that there are no detected faces in a frame, the
colour measurement unit will not provide an estimate of skin
colour for the next frame and the preprocessor will use a
colour ellipsoid determined from measurements in past
frames, or make use of a default colour ellipse.

A face detection system configured in accordance with the
present invention is particularly suitable for being at least
partially supported at a GPU (graphics processing unit). FIG.
1 illustrates a preferred distribution of the processing units of
the face detection system between a GPU 101 and a CPU 102
(central processing unit). In this example, the pre-processor
104 and detector 109 are supported at the GPU 101 since its
parallel architecture is particularly suitable for performing
image and colour space transformations, as well as binary
classifier operations. The remaining processing units can be
supported at the CPU 102. The processing units at the GPU
might be defined by one or more modules (e.g. OpenCL
modules) adapted to run on the typically highly parallel archi-
tecture of the GPU, with the processing units at the CPU
being one or more software routines adapted for the particular
architecture of the device at which the system is running (e.g.
a RISC core).

In embodiments of the present invention in which the
detector unit is supported at a GPU, the architecture of the
face detection system allows efficient use of the typically
many computing units provided in parallel in the GPU. As
discussed above, the detector unit is configured to perform
face detection within the search tiles provided to it and, in the
present case, a different face detection thread is allocated to
each subwindow within a search tile. Thus there can be many
threads performing face detection in parallel on different
subwindows. A GPU will typically operate in parallel on sets
of threads referred to as wavefronts. Since some threads in a
wavefront will terminate earlier than others and the wavefront
comprising all the threads continues to run until all its threads
terminate, this would mean that many computation units
would be underutilized. A partial solution to this is to allocate
new subwindows to existing threads of the wavefront that
have completed. The wavefront can therefore be maintained
until all of the subwindows of a search tile have been
searched. To maximise utilization of the computing units it is
preferable to search all possible subwindows within each
search tile.

This can be achieved through the use of an index for each
search tile that is atomically incremented each time a thread
completes a subwindow. The index keeps track of which
subwindows are yet to be allocated to a thread. When the
index reaches the number of subwindows in the search tile no
more work can be allocated to threads and the wavefront
terminates.
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The face detection system has been described in relation to
its use in the camera pipeline of, for example, a digital cam-
era, smartphone, tablet computer, or any other kind of device
that includes a camera, such as a security camera. In alterna-
tive embodiments, the face detection system could receive
frames from any suitable source, including from a storage
subsystem providing a recorded video stream or a series of
one or more digital images, and from a communication sub-
system providing a received video stream or series of one or
more digital images.

The present invention is not limited to being performed on
streams of frames and the face detection system described
herein also provides excellent performance when operated on
a static image, such as a photograph. To perform face detec-
tion on a static image, that same image may be provided
multiple times to the face detection system as source frame
103. In one example the image is provided twice, with the
image first being used to determine skin colour, and then
using that information to find faces in the second frame. In
another example, the frame is provided more than twice,
allowing the skin colour model to become refined in each
subsequent iteration. Since each frame operated on by the
system is identical to the previous frame, the system exhibits
very good performance whilst continuing to provide the effi-
ciency and flexibility benefits as discussed above.

Face detection as performed in accordance with the system
described herein is useful in many types of devices. In par-
ticular, the locations of detected faces indicated at grouping
unit 114 can be prioritized by the autofocus system of a
camera pipeline as autofocus points with the aim of ensuring
that the faces in an image are in focus. Detected face infor-
mation can be used in video encoding apparatus to inform the
encoder as to the location of faces in the video stream and
permit the improvement of apparent quality of the encoded
video by preferentially increasing the encode quality of the
faces in the video stream. Detected face information can be
provided as metadata for photographs captured by a camera
s0 as to indicate the locations of faces in the photo.

None of the images or maps referred to herein need be
maintained by the face detection system as data structures
identifiable as an “image” or a “map”. Any of the images and
maps referred to (e.g. luma image 105, image pyramid 108,
probability map 106, threshold map and SKN image 107)
may be calculated in whole or in part from the source image
103 by the face detection system as and when those images/
maps (or parts of them) are required by functionalities of the
system. The images and maps referred to herein might only
existas logical constructs in algorithms performed by the face
detection system. Any face detections, transformations or
conversions referred to herein may involve downscaling and
other processing performed on the apparent subject image
frame or may be performed on an image frame that has been
downscaled or processed in any other way from the apparent
subject image frame.

Data processing systems configured in accordance with the
present invention could be embodied in hardware, software or
any suitable combination of hardware and software. A data
processing system of the present invention could comprise,
for example, software for execution at one or more processors
(such as at a CPU and/or GPU), and/or one or more dedicated
processors (such as ASICs), and/or one or more program-
mable processors (such as FPGAs) suitably programmed so
as to provide functionalities of the data processing system,
and/or heterogeneous processors comprising one or more
dedicated, programmable and general purpose processing
functionalities. In preferred embodiments of the present
invention, data processing systems comprise one or more
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processors and one or more memories having program code
stored thereon, the data processors and the memories being
such as to, in combination, provide the claimed data process-
ing systems and/or perform the claimed methods.

Data processing units described herein (e.g. preprocessor
104, detector unit 109, grouping unit 114, tile generator 110,
skin detection unit 112, and colour measurement unit 113)
need not be provided as discrete units and represent function-
alities that could (a) be combined in any manner, and (b)
themselves comprise one or more data processing entities.
Data processing units could be provided by any suitable hard-
ware or software functionalities, or combinations of hardware
and software functionalities,

The term software as used herein includes executable code
for processors (e.g. CPUs and/or GPUs), firmware, bytecode,
programming language code such as C or OpenCL,, and mod-
ules for reconfigurable logic devices such as FPGAs.
Machine-readable code includes software and code for defin-
ing hardware, such as register transfer level (RTL) code as
might be generated in Verilog or VHDL.

Any one or more of the data processing methods described
herein could be performed by one or more physical process-
ing units executing program code that causes the unit(s) to
perform the data processing methods. The or each physical
processing unit could be any suitable processor, such as a
CPU or GPU (or a core thereof), or fixed function or program-
mable hardware. The program code could be stored in non-
transitory form at a machine readable medium such as an
integrated circuit memory, or optical or magnetic storage. A
machine readable medium might comprise several memories,
such as on-chip memories, computer working memories, and
non-volatile storage devices.

The applicant hereby discloses in isolation each individual
feature described herein and any combination of two or more
such features, to the extent that such features or combinations
are capable of being carried out based on the present specifi-
cation as a whole in the light of the common general knowl-
edge ofa person skilled in the art, irrespective of whether such
features or combinations of features solve any problems dis-
closed herein, and without limitation to the scope of the
claims. The applicant indicates that aspects of the present
invention may consist of any such individual feature or com-
bination of features. In view of the foregoing description it
will be evident to a person skilled in the art that various
modifications may be made within the scope of the invention.

The invention claimed is:

1. A data processing system for performing face detection
on a stream of frames of image data, the data processing
system comprising:

a face detector configured to detect a first face candidate in

a first frame by performing face detection within first
search tiles defined for the first frame;

a colour measurement unit configured to calculate a set of
colour parameters including an average colour of the
first face candidate expressed according to a predefined
colour space, one of the axes of the predefined colour
space being substantially oriented in the direction of
maximum variation according to a predetermined distri-
bution of skin colour;

a transformation unit configured to:
transform a second frame into the predefined colour

space; and

form a skin colour probability map for the second frame by
calculating the probability that a given colour is a skin
colour from a measure of the colour space distance of
that colour from the calculated average colour in the
predefined colour space; and
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a search tile generator configured to generate a plurality of
second search tiles based on the skin colour probability
map for use by the face detector, the second search tiles
defining areas of the second frame within which the face
detector is to perform face detection so as to detect one
or more second face candidates in the second frame.

2. A data processing system as claimed in claim 1, wherein
the second frame is subsequent to the first frame in the stream
of frames.

3. A data processing system as claimed in claim 1, wherein
the colour measurement unit is further configured to calculate
as colour parameters degrees of variation of colours in the
first face candidate along the coordinate axes of the pre-
defined colour space, and the transformation unit is config-
ured to calculate the probability that a given colour is a skin
colour from the measure of the colour space distance of that
colour from the calculated average colour scaled by the cal-
culated degrees of variation of colours.

4. A data processing system as claimed in claim 3, wherein
the colour measurement unit is configured to calculate the
average colour and degrees of variation of colours of the first
face candidate from only a central portion of the first face
candidate.

5. A data processing system as claimed in claim 3, wherein
the set of colour parameters for the first face candidate rep-
resent an ellipsoid in the predefined colour space, the ellip-
soid being centred on the average colour and having axes
oriented parallel to the coordinate axes of the predefined
colour space with lengths defined by the respective degree of
variation in colours.

6. A data processing system as claimed in claim 1, wherein
coordinate axes of the predefined colour space are determined
by means of a principal component analysis of the predeter-
mined distribution of skin colour.

7. A data processing system as claimed in claim 1, wherein
the face detector is configured to detect faces in the first frame
by applying binary classifiers to subwindows of the first
search tiles, and to group together sets of overlapping sub-
windows detected as faces in the first frame so as to form a
single face candidate for each set, each face candidate being
allocated a weight according to the number of overlapping
subwindows in its set and the first face candidate being the
face candidate with the highest weight.

8. A data processing system as claimed in claim 7, wherein
the transformation unit is configured to maintain a plurality of
sets of colour parameters calculated for a plurality of face
candidates from one or more frames prior to the second frame
in the stream, each set of colour parameters inheriting the
weight allocated to the respective face candidate and the set of
colour parameters used by the transformation unit being the
set of colour parameters with the highest weight.

9. A data processing system as claimed in claim 8, wherein
the colour measurement unit is operable to calculate a new set
of colour parameters for a new face candidate, the transfor-
mation unit being configured to, if an ellipsoid for the new set
overlaps an ellipsoid represented by a currently stored set of
colour parameters by more than a predetermined degree,
update the existing set of colour parameters by replacing the
existing set of colour parameters with the new set of colour
parameters and forming a new weight by combining the
weights of the existing and new set of colour parameters.
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10. A data processing system as claimed in claim 1,
wherein the face detector and transformation unit are sup-
ported at a GPU.

11. A data processing system as claimed in claim 1,
wherein the colour measurement unit and search tile genera-
tor are supported at a CPU.

12. A data processing system as claimed in claim 1,
wherein the first and second frame both represent a single
image, the first and second frames optionally being identical.

13. A method of performing face detection on a stream of
frames of image data using a data processing system, the
method comprising:

detecting a first face candidate in a first frame of the stream
by performing face detection within first search tiles
defined for the first frame;

calculating a set of colour parameters including an average
colour of the first face candidate expressed according to
a predefined colour space, one of the axes of the pre-
defined colour space being substantially oriented in the
direction of maximum variation according to a predeter-
mined distribution of skin colour;

transforming a second frame of the stream into the pre-
defined colour space;

forming a skin colour probability map for the second frame
by calculating the probability that a given colour is a skin
colour from a measure of the colour space distance of
that colour from the calculated average colour in the
predetermined colour space;

generating a plurality of second search tiles based on the
skin colour probability map; and

detecting one or more second face candidates in the second
frame by performing face detection within the second
search tiles.

14. A non-transitory computer readable storage medium
having stored thereon processor-executable code, which
when executed causes a processor to generate a data process-
ing system comprising:

a face detector configured to detect a first face candidate in

a first frame by performing face detection within first
search tiles defined for the first frame;
a colour measurement unit configured to calculate a set of
colour parameters including an average colour of the
first face candidate expressed according to a predefined
colour space, one of the axes of the predefined colour
space being substantially oriented in the direction of
maximum variation according to a predetermined distri-
bution of skin colour;
a transformation unit configured to:
transform a second frame into the predefined colour
space; and

form a skin colour probability map for the second frame
by calculating the probability that a given colour is a
skin colour from a measure of the colour space dis-
tance of that colour from the calculated average
colour in the predefined colour space; and

a search tile generator configured to generate a plurality of
second search tiles based on the skin colour probability
map for use by the face detector, the second search tiles
defining areas of the second frame within which the face
detector is to perform face detection so as to detect one
or more second face candidates in the second frame.
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